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Abstract 
This paper investigates the feasibility of using ultrasonic guided waves for assessing the mechanical properties of human bone 
towards realizing a safe and economical non-invasive method for the detection of conditions such as osteoporosis. Effects of 
dimensional (changes in thickness) degradation in the cortical bone on guided wave characteristics are studied using numerical 
simulation and analysis. Guided wave propagation in tubular multi-layered waveguides mimicking the bone system is studied 
using the Semi Analytical Finite Element (SAFE) method. Uniform tri-layered structures consisting of bone-like tubes filled with 
marrow and surrounded by tissue are considered for the models. The results show that geometric condition strongly impacts the 
velocity of guided waves supported in the bone system. The impact of underlying assumptions in these models and identification 
of suitable guided wave modes for practical assessment of bone condition are also discussed. 
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1. Introduction 
Characterization of human bone is crucial as it helps in gauging fracture risk as well as the level of osteoporosis, 
both of which are essentially forms of degradation of the bone. The use of ultrasound for this purpose is becoming 
an increasingly studied alternative because of its advantages in cost effectiveness, mobility and absent radiation 
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exposure. Degradation of the bone can manifest itself in the form of mechanical (reduction in modulus, strength and 
density or increase in porosity) or dimensional degradation (reduction in thickness). This paper focuses on 
dimensional degradation in cortical bone and its effect on propagation of ultrasonic guided waves. Ultrasonic guided 
waves have been previously studied to determine the thickness of cortical bone and investigate its effect on wave 
propagation. The impact of actual bone thickness on ultrasonically determined thickness has been investigated, also 
supported using 2D simulation models (Moilanen et al. 2007). Axial transmission at high frequency was 
investigated in cortical bones with 2D simulation studies to correlate the velocity of fastest arriving signal (FAS) 
with cortical thickness (Bossy et al. 2002). Similarly, low frequency FAS correlation with cortical thickness was 
also studied along with experimental validations (Killapa et al. 2011). 3D simulations studies have been performed 
to assess the impact of anisotropy, thickness and geometry of cortical bone on ultrasound velocity in various 
frequency regimes (Bossy et al. 2004). The effect of cortical thickness variation on the propagation of leaky Lamb 
waves was investigated by using an axial transmission technique which is commonly used to characterize long 
bones (Lee et al. 2004). However most of the previous studies focus on use of plate theory as an approximation to 
investigate the cortical thickness and justify the approximation for appropriate frequency regimes. This paper 
intends to use cylindrical guided waves to assess the cortical bone, where the cross-section of the bone system is 
assumed to be circular. The authors believe that this approximation may be closer to an actual bone with irregular 
cross-section where the plate theory may fail. Studies using cylindrical guided waves have been performed (Ta et al. 
2006), but these also do not consider multilayered nature of the bone system, with viscous marrow filling the bone 
and soft tissue surrounding it.   
The work presented here attempts to assess the cortical thickness using phase velocity dispersion curves of 
cylindrical guided waves and seeks to identify optimal modes for this purpose. Methods used and simulation models 
applied are described briefly in Section 2. Phase velocity dispersion curves are obtained using Semi Analytical 
Finite Element (SAFE) models (Predoi et al. 2007, Castaings et al 2008) for different cortical thicknesses in Section 
3 followed by a discussion of the optimal modes and underlying impact in Section 4 after which the paper 
concludes. 
2.  Methods 
2.1. Bone Model 
In this paper, we consider the cortical bone to be modeled as a hollow cylindrical structure of inner radius 7mm 
and thickness of 3mm, with the central core filled with viscous marrow and a soft tissue of thickness 5 mm 
surrounding it. The dimensions have been selected on the basis of average dimensions found in the practical bone 
system.  The properties for the various components of the bone system are shown in Table 1.  The cortex and the 
soft tissue have been assumed to elastic, homogeneous and isotropic materials. The bone marrow is assumed to be a 
viscoelastic fluid. The bone is assumed to be uniform in the axial direction and hence only the 2-D cross-section has 
been modeled (explained in section 2.2).The degradation in the cortex here has been modeled in the form of 
deteriorating cortical thickness with the base material properties remaining the same as in Table 1. Three levels of 
cortical thickness have been considered here, namely 1, 2 and 3mm. The 3mm level is assumed to be that of a 
healthy bone and hence contrasted against two levels of osteoporotic degradation. 
2.2. Semi Analytical Finite Element (SAFE) Method 
The SAFE [8,9] model assumes the geometry to be uniform, and hence the wave field to be harmonic, in the axial 
direction and thus only the 2-D cross-section is modelled. The governing equations are manifested in the form of a 
eigenvalue problem with appropriate boundary conditions such that the eigen-solutions to the equation yields wave 
numbers. The eigenvalue equation in commercial FE software i.e. COMSOL, have the general form as shown in Eq. 
(1). The coefficients c, Į & ȕ depends on the material stiffness properties, Į is a function of mass density and 
angular frequency, ݀௔ depends on stiffness properties, mass density and angular frequency andߛǡ ߣ are null in our 
case. All matrix coefficients used in Eq. (1) are given by Predoi et al (2007). The actual possible modes are obtained 
based on higher power flow (Castaings et al 2008),which represents the propagating mode guided along the cortex. 
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     Table 1. Material properties for the components of the bone system considered. 
Component of the 
bone system 
Young’s Modulus 
(Gpa) 
Poisson’s ratio Density 
(kg/m3) 
Bulk’s Modulus 
(Gpa) 
Viscosity 
(cP) 
Cortical bone 14.95 0.31 2300 - - 
Soft Tissue 6 0.43 1250 - - 
Bone Marrow - - 1000 2.2 37 
3. Results and Discussion 
The phase velocity dispersion curves obtained for the three cortical thicknesses are shown in Figure 1. The 
suitable modes have been segregated from Figure 1. A numerical comparison of the phase velocities is shown in 
Table 2. As seen from Fig.1 and Table 2, L(0,3) and F(1,6) modes have highest phase velocity differences  
 
Fig. 1: Phase velocity dispersion curves for cortical bone (of thickness 1, 2 and 3mm) filled with marrow (radius of 7mm) and surrounded by 
tissue (5mm) 
 
between the 3 cases of cortex thicknesses. This may also be seen from the numerical comparison shown in Table 1. 
If cortical thickness of 3mm is considered as a reference, then for a thickness decrease of 1mm (i.e., a cortical 
thickness of 2mm), L(0,3) mode shows an average phase velocity difference of about 92m/s (~4.1%) in the 
relatively less dispersive frequency range of 140 to 200 kHz. For a decrease of 2mm, it shows an average phase 
velocity difference of about 220m/s (~9.7%) in same frequency range. F(1,6) mode shows an average phase velocity 
difference of 144 m/s (~5.4%) for a thickness decrease of 1mm and 360m/s (~14%) for a thickness decrease of  
2mm in the frequency range of 150 to 200 kHz.  
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4. Conclusion 
The paper attempts to gauge the feasibility of using guided ultrasonic waves to discern conditions of bone 
degradation such as osteoporosis. The analysis here deals only with dimensional degradation, namely decrease of 
cortical thickness with the tissue or marrow cavity remaining constant. Guided wave characteristics, namely phase 
velocity dispersion, were obtained using SAFE. The method conveniently allowed considering coated structures as 
well as incorporation of visco-elasticity.  In presence of soft tissue and viscous marrow, L(0,3) and F(1,6) proved to 
be suitable for assessing the change in cortical thickness in the common frequency range of 150 to 200 kHz. It 
would be interesting to investigate how guided wave propagation would be affected in case of realistic bone systems 
where the cortical bone may be non-linear and anisotropic with irregular cross-section. Moreover factors such as 
change in tissue thickness or its visco-elasticity may also influence guided waves which will then provide a more 
holistic assessment of feasibility of use of guided waves to detect bone degradation. This work shows that guided 
waves have considerable promise in assessing bone thickness and thus detect conditions such as osteoporosis.  
Table 2. Numerical comparison of phase velocities for the identified suitable modes, L(0,3) and F(1,6) 
Mode Frequency 
(kHz) 
 Phase Velocity(m/s) 
  t = 1mm            t = 2mm            t = 3mm 
Vel. diff. between t=3mm & 
   t = 1mm               t = 2mm   
 
 
 
L(0,3) 
140 3099.36 2879.63 2742.40 356.96 137.22 
150 2789.34 2650.56 2544.17 245.16 106.38 
160 2575.48 2460.54 2363.33 212.15 97.20 
170 2411.50 2299.49 2208.11 203.38 91.38 
180 2274.84 2164.93 2083.52 191.32 81.41 
190 2158.15 2056.69 1986.63 171.51 70.05 
200 2060.33 1971.20 1911.26 149.06 59.93 
 
 
F(1,6) 
 
150 3725.83 3278.29 3044.23 681.60 234.05 
160 3333.22 3033.65 2853.03 480.18 180.61 
170 3053.63 2844.22 2701.53 352.10 142.69 
180 2842.74 2692.69 2576.11 266.62 116.58 
190 2677.90 2567.04 2466.38 211.52 100.65 
200 2543.55 2455.73 2364.77 178.77 90.96 
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